thick filaments containing myosin. Actin filaments of smooth muscle cells connect with dense plaques on the membrane and link to dense bodies in the myoplasm. The majority of actin filaments localize around thick filaments in a hexagonal array, forming the contractile apparatus. This pool of actin filaments is called "contractile actin." Part of actin filaments is not structurally associated with myosin. It is called "cytoskeletal actin," which plays a role in maintaining structural integrity of smooth muscle cells ( Figure 1 ). The detailed structure of smooth muscle cells has previously been reviewed. [1] [2] [3] A wealth of evidence has been documented to suggest that the actin cytoskeleton of smooth muscle undergoes a dynamic remodeling process, which is a key component of the structural adaptation upon changes in chemical and mechanical environments. 4, 5 In this article, we will review our recent understanding on the role and regulation of the actin cytoskeleton system in smooth muscle.
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Vascular smooth muscle tone plays a fundamental role in regulating blood pressure, blood flow, microcirculation, and other cardiovascular functions. The cellular and molecular mechanisms by which vascular smooth muscle contractility is regulated are not completely elucidated. Recent studies show that the actin cytoskeleton in smooth muscle is dynamic, which regulates force development. In this review, evidence for actin polymerization in smooth muscle upon external stimulation is summarized. Protein kinases such as Abelson tyrosine kinase, focal adhesion kinase, Src, and mitogen-activated protein kinase have been documented to coordinate actin polymerization in smooth muscle. Transmembrane integrins have also been reported to link to signaling pathways modulating actin dynamics. The roles of Rho family of the small proteins that bind to guanosine triphosphate (GTP), also known as GTPases, and the actin-regulatory proteins, including Crk-associated substrate, neuronal Wiskott-Aldrich Syndrome protein, the Arp2/3 complex, and profilin, and heat shock proteins in regulating actin assembly are discussed. These new findings promote our understanding on how smooth muscle contraction is regulated at cellular and molecular levels.
Keywords: vascular smooth muscle; actin cytoskeleton; contraction V ascular smooth muscle tone plays a fundamental role in regulating blood pressure, blood flow, microcirculation, and other cardiovascular functions. Abnormal smooth muscle contraction may result in the development of many diseases such as primary hypertension, ischemic heart disease, pulmonary hypertension, and stroke.
Smooth muscles exhibit a unique capability to contract and relax in response to changes in the environment surrounding them. Smooth muscles may adapt their contractile status by remodeling cellular structures and by altering signaling cascades regarding contractile element activation.
The contractile apparatus of smooth muscle is comprised of thin filaments containing actin and From The Center for Cardiovascular Sciences, Albany Medical College, Albany, New York.
Physiologic Properties of the Actin Cytoskeleton in Arterial Smooth Muscle Actin Filament Polymerization Occurs in Response to Contractile and Mechanical Stimulation
The actin cytoskeleton in differentiated smooth muscle cells and tissues has long been thought to be a fixed structure. Recent studies have documented that the actin architecture of smooth muscle is in a dynamic state; polymerization-depolymerization of actin filaments participates in the contraction-relaxation cycle of smooth muscle. Studies on carotid smooth muscle have shown that the ratio of filamentous (F) actin to globular (G) actin is approximately 1:8 in unstimulated arterial smooth muscle tissues, suggesting that approximately 25% to 30% of total actin exists in the form of actin monomers. 6, 7 The F-actin/G-actin ratio increases to 5:8 in response to contractile stimulation, indicating that approximately 10% to 15% of total actin is G-actin. The F-actin/G-actin ratio decreases to basal level during the relaxation process.
The dynamic feature of the actin cytoskeleton has also been observed in other studies; the amount of actin monomers is decreased, or the fraction of F-actin is increased during contractile stimulation. [8] [9] [10] [11] [12] [13] [14] [15] [16] In cultured airway smooth muscle cells, treatment with carbachol and endothelin-1 leads to the increase in the ratio of F-actin to G-actin as estimated by cytofluorescence analysis, whereas treatment with smooth muscle relaxant (isoproteronol and forskolin) decreases the Factin/G-actin ratio. 17, 18 Consistent with these findings, Barany and colleagues 19 have reported a high concentration of G-actin in vascular smooth muscle tissues by assessing the exchange rates of actin-bound nucleotide, and observed a decrease of the G-actin pool in response to contractile stimulation. These studies demonstrate that actin filament assembly occurs in various smooth muscle cell/tissue types, which may be a unique phenomenon in smooth muscle in response to contractile activation.
Changes in mechanical environments also affect actin filament reorganization. A single stretch imposed on the cell membrane alters the stiffness of the cell, which is intimately associated with the status of the actin cytoskeleton. 20, 21 Passive tension also induces the tyrosine phosphorylation of the cytoskeletal protein paxillin, an index of the actin cytoskeleton reorganization. 8, 22, 23 Furthermore, mechanical signals locally imposed on cells trigger structural reorganization of the actin architecture in smooth muscle cells. 4, 5, 24 Actin polymerization is believed to occur at the barbed end of actin filaments, which is located near the membrane of smooth muscle cells. At the barbed end, G-actin is added onto existing F-actin. This process is regulated by various actin-associated proteins (see below). Actin depolymerization takes place at the point end of actin filaments, which positions the opposite of the barbed end ( Figure 1 ). 1, 10, 12, 13, [25] [26] [27] The dynamic feature of actin filaments in smooth muscle is markedly distinctive as compared to striated muscle; a significant G-actin pool is not detected, and the rate of actin-bound nucleotide exchange is very low in skeletal muscle. 19, 28 Smooth muscle tissues also contain a much higher ratio of F-actin to myosin than skeletal muscle, and in contrast to skeletal muscle, they maintain a significant pool of F-actin that does not interact with myosin. 2, 29 in the myoplasm. The majority of actin filaments localize around myosin filaments (My) in a hexagonal array, forming the contractile apparatus. This pool of actin filaments is called "contractile actin (CA)." Part of actin filaments is not structurally associated with myosin. It is called "cytoskeletal actin (CskA)." C, actin polymerization occurs at the barbed end locating near the membrane, whereas actin depolymerization takes place at the opposite of the barbed end. At the dense plaque, actin filaments attach to transmembrane integrins via linker proteins such as talin and vinculin.
Actin Filament Assembly Participates in Contractile Force Development
There is compelling evidence that the depression of actin polymerization by such inhibitors as cytochalasin or latrunculin attenuates force development in a variety of smooth muscle tissues. [6] [7] [8] [30] [31] [32] The short-term treatment of smooth muscle with these inhibitors does not impair the actin cytoskeleton; no differences in contractile filament organization or ultrastructure are detected in smooth muscle strips treated with cytochalasin or latrunculin as compared to control tissues. 8 Latrunculin binds to actin monomers and prevents their assembly onto actin filaments, whereas cytochalasin caps existing actin filaments, preventing their extension at the barbed end. 8, 33, 34 More importantly, the depression of actin polymerization disrupts force development in smooth muscle with little or no effects on myosin phosphorylation, a cellular event that is crucial for smooth muscle contraction. 6, 8, 10 These studies suggest: (1) new actin polymerization per se is a necessary step in the cellular process for force development; (2) actin filament assembly and myosin phosphorylation are independent cellular events; and (3) both actin filament polymerization and myosin activation are required for smooth muscle contraction.
There are several possibilities that actin polymerization may affect force development. First, the actin filaments of smooth muscle cells connect to the membrane at the membrane-associated dense plaques, which are structurally similar to focal adhesion sites of cultured cells. At these structures, the cytoplasmic domain of β integrins associates with linker proteins such as vinculin and talin that in turn attach to actin filaments. The extracellular portion of β integrins engages with extracellular matrix. 1, 2, 35, 36 Thus, the membrane-associated dense plaques have been believed to mediate mechanical force transmission between actin filaments to extracellular matrix. 1, 4, 36 Recent studies have shown that actin polymerization is initiated by the Arp2/3 (actin-related protein) complex in nonmuscle cells as well as in smooth muscle, indicating that nascent actin polymerization may occur at cell cortex. 10, 12, 13, 37, 38 Cortical actin assembly may strengthen the linkage of actin filaments to integrins and enhance the transmission of contractile force.* Second, actin assembly has been shown to increase the number of contractile units and the length of actin filaments, providing more and efficient contractile elements for force development. 31, [43] [44] [45] [46] Third, newly polymerized filaments may be a part of reorganization processes that allow for rapid adjustment of stiffness and tension. † Fourth, actin filament assembly may participate in the "latch" formation of contractile elements, supporting force maintenance under the condition of lower crossbridge phosphorylation. 15, 16, 35, [52] [53] [54] 
Cellular Processes Regulating Actin Dynamics in Smooth Muscle
In the last several years, considerable efforts have been made from a number of laboratories to explore how actin filament assembly is regulated in smooth muscle. Thus far, protein kinases such as Abelson tyrosine kinase (Abl), focal adhesion kinase (FAK), Src, mitogen-activated protein (MAP) kinase and other kinases have been documented to coordinate actin polymerization in smooth muscle. Transmembrane integrins have also been reported to link to signaling pathways modulating the actin cytoskeleton. Rho, Cdc42, and Rac are the major members of Rho family of the small proteins that bind to guanosine triphosphate (GTP), also known as GTPases, that mediates actin dynamics in smooth muscle. The actin-regulatory proteins are effector molecules in the signaling cascades to mediate actin dynamics. Some of the proteins are neuronal Wiskott-Aldrich Syndrome protein (N-WASP), the Arp2/3 complex, profilin, cofilin, and HSPs. In general, receptor activation and/or integrin ligation activates protein kinases and/or small GTPases, which in turn regulate the functional status of the actin regulatory proteins and eventually actin filament assembly or structural reorganization ( Figure 2 ).
Role of CAS-mediated Process in Actin Filament Assembly in Smooth Muscle
Crk-associated substrate (CAS) is a 130-kDa focal adhesion protein that was originally identified as a prominent tyrosine-phosphorylated protein in v-src and v-crk transformed cells. 55, 56 Molecular analysis of CAS revealed a docking protein that contains an SH3 domain, proline-rich regions, and a substrate domain containing multiple Tyr-Xaa-Xaa-Pro (YXXP). 56, 57 Crkassociated substrate has been shown to regulate the *Refs. 1, 4, 5, 10, 12, 13, 27, 35, 36, 39-42. † Refs. 1, 4, 5, 10, 12, 13, 35, 47-51. actin cytoskeleton in smooth muscle. The downregulation of CAS by antisense oligonucleotides dramatically attenuates force development and actin polymerization in response to contractile stimulation. 7 Crk-associated substrate undergoes tyrosine phosphorylation in vascular smooth muscle cells in response to stimulation with angiotensin II and serotonin 58, 59 as well as in nonmuscle cells, including rat-1 cells, African green monkey kidney transformed (COS-7) cells, and chicken embryo (CE) cells in response to growth factors and cell adhesion. 57, 60, 61 Phosphorylation of CAS increases its binding to the adapter protein CrkII. 25, 57 In smooth muscle, contractile stimulation leads to the increase in the association of CrkII with N-WASP. When unstimulated, the C-terminal portion of N-WASP binds to its GTP-binding domain, masking its binding motif for the Arp2/3 complex. The interaction of CrkII with N-WASP induces conformational changes, exposing the binding motif for the Arp2/3 complex and initiating actin polymerization and branching mediated by the Arp2/3 complex. 10, 12, 13, 25, 27, 39, 62 Profilin is an actin-associated protein that regulates actin dynamics, the organization of actin filaments, and smooth muscle force development. In vitro studies have shown that profilin binds to actin monomers and transport monomers onto the barbed end of actin filaments. Profilin may also promote the nucleation of actin filament polymerization mediated by N-WASP and the Arp2/3 complex. 63, 64 In carotid smooth muscle preparations, contractile activation promotes the association of profilin with G-actin. Moreover, the downregulation of CAS blocks the formation of profilin/G-actin coupling, actin polymerization, and tension development. These results suggest that CAS may regulate actin dynamics by affecting the activity of profilin. 6, 7, 59 The tyrosine phosphorylation of CAS is mediated by Abl, a nonreceptor tyrosine kinase. Studies from in vitro biochemical assay showed that CAS phosphorylation is catalyzed directly by Abl. 25, 65 Silencing of Abl by short hairpin RNA dramatically depresses CAS phosphorylation in resistance arteries upon contractile stimulation. 25, 59 Furthermore, Abl in vascular smooth muscle is activated by agonist stimulation; the phosphorylation of Abl at Tyr-412 (an index of kinase activation) is enhanced in stimulated arteries compared to unstimulated tissues. 25 Abl tyrosine phosphorylation has also been reported in vascular smooth muscle cells upon angiotensin II stimulation. 66 Interestingly, a selective inhibitor of Abl, imatinib (STI-571), has been recently shown to be effective for the treatment of pulmonary hypertension in clinical studies. 67, 68 
FAK and Src Family Tyrosine Kinasemediated Cytoskeletal Remodeling
Focal adhesion kinase and c-Src are located at the integrin-associated membrane microdomain and are activated by integrin clustering as well as activation with contractile agonists and growth factors. 22, 23, [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] Focal adhesion kinase has been shown to catalyze phosphorylation of the cytoskeletal protein paxillin in vitro and in airway smooth muscle tissues. 23, 69, [81] [82] [83] Although similar studies on vascular smooth muscle have not been pursued, it is generally believed that vascular and airway smooth muscles share similar intracellular regulatory mechanisms. Paxillin also undergoes tyrosine phosphorylation in vascular smooth muscle preparations during agonist stimulation. 16 Paxillin may be involved in the regulation of N-WASP that mediates actin dynamics and/or structural rearray of the actin cytoskeleton in various cell types, including smooth muscle cells. ‡ c-Src has been reported to mediate CAS phosphorylation in vascular smooth muscle; inhibition of Src activity attenuates CAS tyrosine phosphorylation upon agonist activation. 59 As described earlier, CAS phosphorylation regulates actin filament assembly mediated by the Arp2/3 complex. Src may modulate CAS phosphorylation by affecting the activity of Abl. 25, 66 However, other studies suggest that Src may be responsible for integrin-mediated tyrosine phosphorylation of CAS. 88, 89 In addition, the activated c-Src interacts with FAK to mediate the regulation of basal Ca 2+ channel activity and the platelet-derived growth factor (PDGF)-induced increase in L-type Ca 2+ current. 4, 90 
Integrin-mediated Signaling Cascades in the Modulation of Actin Dynamics
Transmembrane integrins are cell surface receptors that have been shown to serve as mechanical sensors in cells. In smooth muscle cells, integrins are located in membrane-associated dense plaques that are structurally analogous to focal adhesions of cultured cells. 1, 4, 22 As discussed earlier, β-integrins interact with extracellular matrix on the outside of the membrane and link to actin filaments in the inside of the membrane. The structural linkage of matrix to the actin cytoskeleton by integrins facilitate mechanical force transmission between the contractile apparatus and extracellular matrix. 1, 4, 22, 23, 35, 50 Integrins are able to sense mechanical signals in the environment and to transduce the signals onto intracellular pathways that regulate remodeling of the actin cytoskeleton. Focal adhesion kinase, c-Src, protein tyrosine kinase 2 (Pyk2), CAS, and paxillin are associated with integrins on the membrane. Focal adhesion kinase is activated by autophosphorylation at Tyr-397 in response to ligand binding to integrins. 4, 91, 92 Both FAK and c-Src become phosphorylated in nonmuscle cells (eg, endothelial cells and leukocytes) stimulated by adhesion-mediated integrin activation. 4, [91] [92] [93] [94] Integrin activation may also stimulate FAK and c-Src in smooth muscle; the tyrosine phosphorylation of FAK and paxillin is mechanosensitive (integrin is a known mechanosensor) in smooth muscle. 22, 23 Cyclic strain activates Pyk2 and FAK phosphorylation at focal adhesion sites in cells. 95 The integrin-mediated activation of tyrosine kinases in turn modulates the functional status of downstream molecules such as paxillin and Hic-5 that are related to remodeling of the actin architecture. 4, 5, 41, 94, 95 Conversely, the reorganization of the actin cytoskeleton may influence the clustering of integrins and engagement of integrins with extracellular matrix. There is evidence to show that stress fiber formation affects the aggregation of integrins on the membrane. 96 Treatment of smooth muscle cells with contractile agonists leads to the increase in resistance of integrin-bound beads, indicating enhancement of the matrix-integrin association. 4, 20 The "inside-out" signaling may provide a positive feedback to dense plaques, rendering integrins poised to respond to next mechanical signals.
The integrin-activated FAK and c-Src have also been linked to the regulation of Ca 2+ signaling in differentiated smooth muscle cells. The inhibition of c-Src attenuates the increase in Ca 2+ current activated by α 5 -integrin antibody or fibronectin, whereas the inhibition of tyrosine phosphatase enhances the integrin-mediated intracellular Ca 2+ . 97 The integrin-stimulated enhancement of Ca 2+ current is also depressed when cells are dialyzed with antibodies against FAK or c-Src. 4, 97 In addition to activation of the contractile protein myosin, the FAK/Src-mediated increase in intracellular Ca 2+ may also activate Pyk2 that is able to catalyze CAS and/or paxillin phosphorylation and regulates the actin cytoskeleton. 4, 69, 95, [97] [98] [99] [100] [101] [102] 
Small GTPases and Actin Architecture in Smooth Muscle
The Rho family of the small GTPases consists primarily of Rho, Cdc42, and Rac. Rho may mediate agonistinduced actin stress fiber formation in cultured smooth muscle cells. Treatment with C3 exoenzyme (inactivator of Rho) diminished the agonist-induced increase in F/G-actin ratios as estimated by cytofluorescence microscopy. This was reported to be mediated by G q and G i in smooth muscle cells. 5, 17, 103 Rho may also regulate actin cytoskeleton remodeling via the Rho kinase/LIM kinase/cofilin pathway. Cofilin is an actinregulatory protein that triggers actin filament depolymerization; phosphorylation of cofilin by LIM kinase inhibits its ability to depolymerize actin filaments. Rho kinase induces the phosphorylation of LIM kinase, which enhances LIM kinase activity toward cofilin and promotes cofilin phosphorylation and actin filament ‡ Refs. 10-12, 16, 22, 35, 81, 84-87. assembly. [104] [105] [106] [107] Rho may also modulate actin dynamics by affecting Mammalian Diaphanous-related (mDia) formins that nucleate, progressively elongate, and bundle actin filaments. [108] [109] [110] Further studies are needed to assess whether the Rho-mediated actin dynamics occurs in intact vascular smooth muscle tissues.
There is a wealth of evidence that Cdc42 regulates actin filament polymerization in various cell types, including smooth muscle cells. 12, [111] [112] [113] [114] [115] Guanosine triphosphate-bound form of Cdc42 (activated Cdc42) binds to the GTP-binding domain of N-WASP, inducing a conformational change and activating N-WASP, and triggering the nucleation of actin polymerization and actin filament branching. 10, 12, 27, 40, 116 In smooth muscle tissues, introduction of a dominant Cdc42 mutant depresses the activity of N-WASP concurrently with the decrease in actin polymerization and force development, 10, 12 suggesting that Cdc42-mediated actin filament assembly is essential for smooth muscle contraction.
Cdc42 and Rac are known to activate p21-activated kinase (PAK) in mammalian cells. [117] [118] [119] [120] [121] Although 6 isoforms have been found thus far, PAK1 is a major isoform in smooth muscle cells. [117] [118] [119] [120] 122, 123 p21-activated kinase has been shown to participate in the regulation of p38 MAP kinase in smooth muscle upon activation with the growth factor. 117 The activation of p38 MAP kinase may modulate the actin cytoskeleton and cell migration via HSP 117, 124, 125 (see below) .
The small GTPases are activated by contractile agonists as well as integrin aggregation. Cdc42 activation has been observed in smooth muscle tissues in response to contractile stimulation. 10, 12 Chemical stimulation also induced Rho activation in vascular smooth muscle tissues. [126] [127] [128] Attachment of cells to fibronectin leads to activation of both Cdc42 and Rac. Rho is also activated by integrin ligation, resulting in the formation of stress fiber. 96 In addition, cyclic strain induces reorganization of actin stress fibers, which may be mediated by the small GTPase Rho. 26, 129 
Role of Small Heat Shock Proteins in Smooth Muscle
In addition to providing protection against physical and chemical stresses, heat shock protein 27 (HSP27) may participate in the regulation of the actin cytoskeleton. 4, 5 In vitro biochemical studies have shown that unphosphorylated HSP25 (mouse and chicken homologs of HSP27) inhibits actin polymerization as assessed by fluorescence spectroscopy and electron microscopy. Phosphorylation of the protein loses the ability to inhibit actin filament assembly. 4, [129] [130] [131] Signaling cascades regulating HSP27 phosphorylation has been documented. In nonmuscle cells, HSP27 is phosphorylated by MAP kinase-activated protein (MAPKAP) kinase 2 (MK2) that is activated by phosphorylation mediated by p38 MAP kinase. Upstream regulators of p38 MAP kinase includes PAK and other kinases. 4, 5 Smooth muscle seems to share similar signaling pathways to phosphorylate HSP27 during contractile activation. 4, 124 Heat shock protein 27 is thought to regulate the actin cytoskeleton in differentiated smooth muscle because of high-level expression of the protein in smooth muscle and spatial localization with contractile proteins. 4, 132 There is evidence to show that HSP27 is associated with the cellular processes that orchestrate smooth muscle contraction. In permeabilized smooth muscle preparations, agonist-induced contraction was inhibited by antibodies against HSP27. 5, 133, 134 Moreover, agonist activation induced HSP27 phosphorylation in smooth muscle tissues, which was blocked by a p38 MAP kinase inhibitor. The depression of HSP27 phosphorylation inhibited angiotensin IIinduced vasoconstriction. 4 Another heat shock protein, HSP20, was reported to be phosphorylated at Ser-16 in vascular smooth muscle tissues by the treatment with forskolin. Forskolin is known to increase the cellular concentration of cyclic adenosine monophosphate (cAMP) that is able to activate PKA. Heat shock protein 20 phosphorylation was associated with the decrease in force development in vascular smooth muscle. However, phosphorylation of HSP20 seems not to depolymerize F-actin in swine carotid artery. Further studies are needed to elucidate the role of HSP20 phosphorylation in the actin cytoskeleton and smooth muscle contraction. 4, 15 Perspectives Understanding the molecular mechanisms by which chemical and mechanical stimuli initiate tension development in vascular smooth muscle may disclose new biological targets for the development of more effective treatment of cardiovascular diseases. Actin filament polymerization has recently emerged as an essential cellular event that substantially regulates force development in vascular smooth muscle. A pool of G-actin polymerizes onto existing actin filaments in smooth muscle in response to chemical and mechanical stimulation. There is compelling evidence that the inhibition of actin assembly depresses smooth muscle contraction. Changes in chemical and mechanical environments surrounding smooth muscle activate several important signaling pathways that involve protein kinases, integrins, small GTPases, and actin-associated molecules. These pathways are critical for the regulation of actin dynamics and force development; intervention of the signaling cascades affects smooth muscle contraction.
